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Seismometer self-noise levels were determined using Sleeman's three-sensor method in
combination with the Welch method for different parameter combinations. The self-noise
levels decreased with the increasing segment window length, which is equivalent to the
subwindow length, and with the increasing segment overlap rate for different frequency
points at a fixed band. After the statistical examination of 9800 different parameter com-
binations, a zone of reasonable self-noise calculation parameter combinations was iden-
tified. Reasons for the unsuitability of certain parameter combinations were explored with
respect to their distortion of the seismometer's self-noise levels.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Broadband seismometers are used in global and regional
seismic networks because of their low self-noise levels and
relatively large dynamic ranges [1]. There are large numbers.
ute of Seismology, China
ier on behalf of KeAi
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ss article under the CC BYand different types of seismometers deployed in each
country's regional seismic network, including: VBB (very
broadband) sensors with response flat to velocity from 360 s
to 5 Hz and 50 Hz (eg, KS54000, JCZ, STS1, and CMG-1T), VBB
sensors with response flat to velocity from 120 s to 40 Hz (eg,Earthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
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(broadband) sensors with response flat to velocity from 60 s
and 20 s to 40 Hz (eg, BBVS60, CMG-3ESPC, and FBS-3B). The
self-noise level of seismometers has attracted the most
attention, as it can be used to reflect the low limitation of
their observational ability and to determine their dynamic
range with clip level. Some of the mentioned seismometers
have been tested in different institutes and laboratories and
the self-noise results showed that the STS-1 is coincident
with the NLNM (new low noise model) at low frequency, the
STS-2 is coincident with the NLNM above 200 s [2], and the
151e120 (BBVS120) is lower than the NLNM above 120 s [3,4].
Given the importance of self-noise levels to seismometer
performance, a robust way is needed to calculate self-noise
and to understand the affection from different methods and
parameters used in the data processing [5]. There are two
popular methods, the two-sensor method [6,7] and the
three-sensor method [1], which are used to calculate the
self-noise level for seismometers. These two methods both
use a coherent method to analyze the data records from
different, co-located seismometers and to estimate the self-
noise levels using linear systems. Ringler et al. [5] has
examined how small changes in experimental conditions,
including timing errors, signal-to-noise ratio changes,
relative sensor locations, misalignment errors, processing
techniques, and differing types of sensors, can affect the
estimation of self-noise levels.
The two-sensor method is defined as follow:
Nii ¼ Pii$

1 Pji
Pii
$
Pij
Pjj

¼ Pii$
 
1
Pij2
Pii$Pjj
!
¼ Pii$

1 C2ij

ði; j ¼ 1; 2 and isjÞ
(1)
where Nii is the self-noise power spectrum of the sensor i,
Pii is the autopower spectrum of sensor i, Pij is the cross-
spectrumbetween the signal from sensor i and sensor j, and Cij
is the coherent coefficient between the signal from sensor i
and sensor j. If the transfer functions of the two seismometers
are not accurately used to remove the variability of the in-
strument response when the two sensors are of different
types, small instrument-correction errors will attribute false
self-noise to the estimation for the seismometer [7].
Sleeman et al. [1] analyzed the self-noise level of a
seismometer with three co-located sensors through a
coherent method which had less effect from the transfer
function. The details are as follow:
Nii ¼ Pii  Pij$PikPjk ði; j; k ¼ 1;2; 3 and isjskÞ (2)
Nii is the self-noise power spectrum of sensor, Pii is the
autopower spectrum of sensor i, Pij is the cross-spectrum be-
tween sensor i and sensor j, Pik is the cross-spectrum between
sensor i and sensor k, and Pjk is the cross-spectrum between
the signal from sensor j and sensor k.
Both of these methods used theWelchmethod to calculate
the sensor spectrum [8]. In reference [8] Welch divided the
finite data segment into subwindows, each with a certain
percentage of overlap. Each section was applied with a
particular window function and calculated the modified
periodgrams. The results of modified periodgrams from thedifferent sections were averaged to estimate the power
spectrum density.
The different combinations of the common parameters
used in the Welch method, such as the type of window
function, the length of the windows, the length of the sub-
windows, and the percentage of the overlap, can contribute to
the results for the spectrum density and the coherent func-
tion. In reference [8] Welch proposed and analyzed two types
of window functions. The hanning window function, used in
this study, apportions an equal length of window function
and an equal length of subwindows. Previous study has
shown that the spectral resolution of estimates varies
inversely with the length of subwindows [9], and without
overlapping, the bias and the variance of the magnitude-
squared coherence estimate varies inversely with the
number of the subwindows [9]. In order to balance the
conflicting requirements from the resolution of the
spectrum, the bias, and the variance, it is common to apply
segment overlapping to analyze the fixed length of data
[5,8e12]. With an increased data record length and an
increased segment overlap percentage, the variance of the
spectrum estimates is reduced, the coherence between
adjacent segments is increased, and the computational
requirements is increased [5,13]. Carter pointed out that the
coherence between the adjacent segments will not be
noticeably improved when the percentage of overlap reaches
a certain value using a fixed length of subwindows in
reference [9]. The difference in the results for the autopower
spectrum, as well as for the cross-spectral and magnitude-
squared coherence from the different combination of
parameters will further affect the value of the self-noise
level for seismometer. In order to determine the effect of
parameter distribution on the determination of seismometer
self-noise calculations, this paper used the three-sensor
method in combination with the Welch method to
determine a statistically (bias and variance) sound range of
recommended parameters.2. Methods
2.1. Observation system
The observation equipment used in this study included
two Q330HRS data acquisition systems, two STS2.5 VBB seis-
mometers, one CTS-1EF VBB seismometer, and one STS2 VBB
seismometer. Ringler et al. [5] pointed out that using
instruments with large differences in their self-noise levels
can cause at least the quieter sensor's incoherent-noise be
artificially elevated. Given that there are only two identical
sensors in our experiment, we could only analyze the
distribution of self-noise levels within a specific frequency
band (0.1 Hze1 Hz), where the self-noise levels for the three
sensors were coincident with one another.
2.2. Observation method
These four sensors were deployed on the same pier within
a cave. Their alignmentwith the northmarkwas confirmed by
gyro, assuming that the installation error inside the
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two data acquisition systems and recorded data continuously
for six months.
2.3. Data format and format conversion
The original data format was MSEED and was converted to
other formats using ObsPy.
2.4. Data process platform
The data processing platform consisted of ObsPy and
Matlab2012a.
2.5. Research methods
We analyzed the principle factors determining the distri-
bution of the seismometer self-noise levels through the deri-
vation of an equation involved in the three-sensor method. In
the following equation, i, j, k ¼ 1,2, and isjsk. Pija is the cross-
power spectral density of acceleration between the signal
from sensor i and sensor j, Piia is the auto-power density of
acceleration for sensor i, Niia is the self-noise level power
density of acceleration for sensor i, NiidB is the dB value forNiia ,
Cij is the magnitude-squared coherence coefficient between
the signal from sensor i and sensor j, and Cij_a is the magni-
tude-squared coherence coefficient of acceleration between
the signal from sensor i and sensor j. Cij is usually used to
detect the degree of correlation for two signals on a different
frequency point. Cij¼ 1 indicates that two signals are linearly
correlated, while Cij¼ 0 means that two signals are not
correlated. For the duration of the experiment, 0< Cij < 1,
which means that the two signals correlated with each other
to a certain degree [14].
CijðfÞ ¼
PijðfÞ2
PiiðfÞ$PjjðfÞ (3)
CijðfÞ ¼
2pf$PijðfÞ2
2pf$PiiðfÞ2pf$PjjðfÞ (4)
Cij aðfÞ ¼
Pij aðfÞ2
Pii aðfÞ$Pjj aðfÞ (5)
Pij aðfÞ2 ¼ Cij aðfÞ$Pii aðfÞ$Pjj aðfÞ (6)
From equation (2) we find that
Nii a ¼ Pii a  Pij a$Pik aPjk a (7)
NiidB ¼ 10log10½absðNiia Þ (8)
Nii dB ¼ 10log10

abs

Pii a$Pjk a  Pij a$Pik a
Pjk a

(9)
Nii dB ¼ 10log10
 Pii a ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPjj a*Pkk ap 
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃCjk ap  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃCij a$Cik ap Pjk a
!
(10)With Cdiff ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Cjk a
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃCij a$Cik ap , assume now that Pii_a,
Pjj_a, Pkka ; and Pjk a are reasonable. From equation (10), we can
see that the distribution ofNii_dB is determined by Cdiff. In the
following segment, we will analyze the contribution of the
different parameter combinations.
The entire data record was 3600 s, the nfft was fixed to
32768, and the sampling rate was 100 sps. The length of the
windows function varied from 36 s to 3600 s in increments of
36 s steps, with the percentage of overlap varying from 1% to
98% in step-wise increments of 1%, according to the length of
the window function. We acquired 9800 different combina-
tions of parameters and analyzed all of the results using the
statistics of bias and variance in the frequency band between
0.1 Hz and 1 Hz.
The equations for bias and variance are reported to by
reference [11] as:
bbisa ¼ "1
N
XN
k¼1
bg
fk2
#
 jgðfÞj2 (11)
bvar ¼ 1
N 1
XN
k¼1
hbg
fk2  bbisai2 (12)
N is the total number of samples involved in the calculation,bbisa stands for bias, bvar stands for variance, bgðfkÞ stands for
the subject to be counted on a different frequency point, g(f) is
the expectation to be counted and is set to be the average
value of the results in this paper. Bias is used to describe the
gap between the estimated and true values; the variance es-
timate is used to describe the range of variation, and the de-
gree of dispersion, which is the distance from expectation.
We analyzed the multi-hour record to determine the
characteristic for the distribution of the self-noise level of the
seismometer on different frequency points. All of the records
were well coincident with one another. Given the space limi-
tation, we have only displayed the results from 4 am to 5 am
on May 7, 2014 for all figures.3. Results and discussion
From Fig. 1, we can view the changes in the self-noise
levels (unit: dB) for seismometer STS2.5 under different
parameter combinations when the Welch method has been
used for a fixed frequency point using the three-sensor
method. There are three different zones within Fig. 1: the
red zone, the blue zone, and the blank zone. According to
the lower detection limits for the sensor and from
experience we could evaluate that the self-noise level in the
red zone was within the normal expected range and the
results of the self-noise levels in the other two zones were
realistically unfeasible.
Based on the analysis of the distribution of the self-noise
within the red zone, we found that the peaks varied from
167.2 dB (window: 13%, overlap: 74%) to 225 dB (window:
37%, overlap: 63%), for a maximum variability of 57.8 dB. The
overall self-noise trend varied inversely with the size of the
overlap rate and the length of window function.
Fig. 1 e Distribution of self noise level for seismometer
through three seismometers method with Welch method
with different parameters combination around frequency
0.01 Hz.
Fig. 3 e Distribution of self noise level for seismometer
through three seismometers method with Welch method
with different parameters combination around frequency
0.1 Hz.
Fig. 4 e Distribution of C_diff with Welch method with
different parameters combination around frequency
0.1 Hz.
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0.01 Hz under different parameter combinations. From these
results, we found that Cdiff¼ 0 corresponded to the blank
zone within Fig. 1, where the value for self-noise level was
-Inf. Within the blue zone of Fig. 1, Cdiff varied between
±1E15, where the self-noise level was approximately
340 dB. The value of Cdiff corresponding to the blue zone
was very small in comparison with the red zone, which
reported the self-noise to be between E1 and E4. The
unrealistically minute degree of C_diff within the blue zone
resulted in unreasonable small reported self-noise levels.
Figs. 3, 5, 7 and 9 show the distribution of the self-noise
levels for VBB sensor STS2.5 (SN: 120143) at 0.1 Hz, 1 Hz, 5 Hz,
and 10 Hz under different parameter combinations of the
Welchmethod using the three-sensormethod. The results are
well coincident with the results shown in Fig. 1, with the
exception of the extreme values. The overall self-noise trend
varied inversely with the overlap rate and the length of
window.
Figs. 4, 6, 8 and 10 show the distribution of C_diff at 0.1 Hz,
1, 5 Hz, and 10 Hz under different parameter combinations of
the Welch method. The results are well coincident with the
results shown in Fig. 2. The blank zone in Fig. 1 corresponds to
C_diff¼ 0. The C_diff results within the blue zone are several
degrees smaller than the C_diff reported within the red zone.Fig. 2 e Distribution of C_diff with Welch method with
different parameters combination around frequency
0.01 Hz.We smoothed the self-noise level values between 0.1 Hz
and 1 Hz, and determined that there is a distortion zone. This
distortion zone appeared above a solid curve, the K line, which
started from 50% of the length of window function and ended
at 98% of the overlap rate, as shown in Fig. 11. There are 3091
parameter combinations, 31.5% of the 9800 parameter
combinations that resulted in self-noise level fidelity.Fig. 5 e Distribution of self noise level for seismometer
through three seismometers method with Welch method
with different parameters combination around frequency
1 Hz.
Fig. 6 e Distribution of C_diff with Welch method with
different parameters combination around frequency 1 Hz.
Fig. 7 e Distribution of self noise level for seismometer
through three seismometers method with Welch method
with different parameters combination around frequency
5 Hz.
Fig. 9 e Distribution of self noise level for seismometer
through three seismometers method with Welch method
with different parameters combination around frequency
10 Hz.
Fig. 10 e Distribution of C_diff with Welch method with
different parameters combination around frequency 10 Hz.
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the K line and within the zone below the K line. The
minimal value, 206.7 dB, appeared when the length of
window function and the overlap rate both reached 98%.
Carter used bias (equation (11)) and variance (equation (12))
statistics during his calculation for magnitude-squared
coherence to suggest a reasonable zone for parameter
combinations in reference [9]. We calculated the bias
(Fig. 12) and variance (Fig. 13) for the 6709 parameter
combinations below the K line, between 0.1 Hz and 1 Hz, on
296 frequency points. The overall trend for bias and varianceFig. 8 e Distribution of C_diff with Welch method with
different parameters combination around frequency 5 Hz.was an increase along the K line, with little difference seen
in other regions. Bias was found to be more discrete than
variance. In Fig. 14, an area marked by a red box was
outlined. To indicate a priority area for the selection of
parameter combinations through the product of bias and
variance. Bias and variance both converged inside this red
box via a similar trend. The statistical analysis of the
seismometer self-noise levels bias, variance, and a sketch
map are shown in Figs. 12e14, respectively.Fig. 11 e Suitable distribution for different parameter
combinations of Welchmethod in calculating the self noise
of seismometer with three seismometers method.
Fig. 12 e Distribution of bias for the self noise level of
seismometer.
Fig. 13 e Distribution of variance for self noise level of
seismometer.
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Given the limitations of experimental design without
using three of the same sensor, Sleeman's three-sensor
method was used to eliminate the dependence on transfer
functions during the calculation for the seismometer's self-
noise levels. It was determined that extreme values for self-
noise levels were not a result of any particular parameter
combination, rather, the overall self-noise trend variedFig. 14 e Sketch map for the preferred reference zone of
parameter combinations.inversely with the K line. The K line was constructed by
changing combinations of the window function length and
the segment overlap rate, when the length of the total record
and the type of window function remained fixed. A minimal
value was attained when the length of the window function
and the overlap rate both reached 98% in the frequency band
between 0.1 Hz and 1 Hz, which was an area of our particular
focus. The largest difference was greater than 20 dB, which
meant that a uniform parameter combination was needed for
the self-noise level calculations, in order to avoid unreason-
able results. A zone of parameter combinations, which
resulted in unreasonable self-noise values, was found above
the K line, running from 50% to 98% of the window length.
The total of the length of the window function and the sub-
windows was fixed; therefore, the number of the subwindows
decreased when the length of the subwindows increased.
When the length of the subwindows was relatively large and
the overlap rate was relatively small, the resolution for the
spectrum, the bias, and the variance all increased, producing
a zone of unreasonable parameter combinations above the K
line. A reference zone of reasonable parameter combinations
was proposed, selected using statistical examinations of the
bias and variance, for the calculation of self-noise levels for
seismometer. Local inconsistencies between the bias and the
variance of the seismometer self-noise levels will be exam-
ined in fut. studies.Acknowledgments
This work was supported by Study on Seismograph Cali-
bration and Preparation of Draft International Standard
(201408005), the Earthquake Science and technology Program
of Hebei Province (201303), Special Program for Earthquake
monitoring (20130203).r e f e r e n c e s
[1] Sleeman R, van Wettum A, Trampert J. Three-channel
correlation analysis: a new technique to measure
instrumental noise of digitizers and seismic sensors. Bull
Seismol Soc Am 2006;96(1):258e71.
[2] Wielandt E. Seismometry. In: International handbook of
earthquake and engineering seismology. California:
Academic Press; 2002a. p.283e304.
[3] Ringler AT, Hutt CR. Self-noise models of seismic
instruments. Seismol Res Lett 2010;81(6):972e83.
[4] Gerner A, Bokelmann G. Instrument self-noise and sensor
misalignment. Adv Geosciences 2013;36:17e20.
[5] Ringler AT, Hutt CR, Evans JR, Sandoval LD. A comparison of
seismic instrument noise coherence analysis techniques.
Bull Seismol Soc Am 2011;101:558e67.
[6] Holcomb LG. A direct method for calculating instrument
noise levels in side-by-side seismometer evaluations. U S
Geol Surv Open-File Rept; 1989p.89e214.
[7] Holcomb LG. A numerical study of some potential sources of
error in side-by-side seismometer evaluations. U S Geol Surv
Open- File Rept; 1990. p. 90e406.
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 3 , 2 3 3e2 3 9 239[8] Welch PD. The use of fast Fourier transform for the
estimation of power spectra: a method based on time
averaging over short, modified periodograms. IEEE Trans
Audio Electroacoust 1967;AU-15:70e3.
[9] Carter GC, Knapp CH, Nuttall AH. Estimation of the
magnitude-squared coherence function via overlapped fast
fourier transform processing. IEEE Trans Audio
Electroacoustics 1973;AU-21(4):337e44.
[10] Ringler AT, Gee LS, Hutt CR, McNamara DE. Temporal
variations in global seismic station ambient noise power
levels. Seismol Res Lett 2010;81(4):605e13.
[11] Feng Zhang, Xianfeng Shi, Xuezhi Zhang. Study and
simulation of Welch power spectrum estimation method. J
Xi’an Technol Univ 2009;4:353e6 [in Chinese].
[12] Xunfen Yu, Dawei Ma, Lin Wei. Simulation analysis of
window function in power spectrum estimation based on
modified periodogram. Comput Simul 2008;3:111e4 [in
Chinese].
[13] Oppenheim AV, Schafer RW. Digital Signal Processing.
Englewood Cliffs: New Jersey: Prentice-Hall; 1975p.585.
[14] Yongge Wan. Digital signal processing using MATLAB.
Beijing: Science Press; 2007 [in Chinese].Li Xiaojun served in the Earthquake
Administration of Hebei Province as a se-
nior engineer focusing on seismometer and
seismograph calibration and evaluation.
The author is a member of a Chinese
workgroup on seismometer and seismo-
graph calibration and evaluation. As a
visiting scholar in GFZ, Xiaojun is now
studying the robustness and applicability
for the method used in seismometer cali-
bration. Email: lxj19810302@aliyun.comYang Dake, researcher of Institute of
Geophysics, China Earthquake Adminis-
tration, recently focusing on evaluation of
seismograph performance and seismic
observation system. Email: ydk@seis.ac.cn
